Flood-induced leaf elongation in Rumex species: Effects of water depth and water movements by Banga, M. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/15921
 
 
 
Please be advised that this information was generated on 2018-07-07 and may be subject to
change.
s , ’tu Phytol. ( 1995), 131, 191-198
?lood-induced leaf elongation in Rumex 
species: effects of water depth and water 
novements
y  M. BANGA,  C. W. P. M. B L O M  a n d  L. A. C. J. V O E S E N E K
department of Ecology, University of Nijmegen, Toernooiveld, 6525 ED Nijmegen, 
'he Netherlands
deceived 13 April 1995 ; accepted 31 M ay 1995)
T M M A R Y
veral species from the genus Rumex  are found in Dutch  river forelands. Species such as R. palustris Sm. from 
e low, frequently flooded areas are well adapted to wet conditions. Rumex  species from higher and less frequently 
>oded sites are poorly adapted and therefore sensitive to flooding. One of the adaptations to flooding is enhanced 
toot elongation upon complete submergence, enabling plants to restore leaf-air contact, provided that the water 
not too deep. T h is  paper demonstrates the strong variation in the absolute extent of flood-induced leaf 
ongation among species of the genus Rumex.  T h e  effects of flooding on shoot dry and fresh weight and internal 
is volumes of an elongating and a non-elongating species, R. palustris and R. acetosella L., were compared. Net  
ater uptake in response to complete submergence was observed in the shoots of both species. Based on results 
esented here, we conclude that in plants of R. palustris water enters the cells and is used for cell expansion 
ading to petiole elongation, whereas in plants of R. acetosella at least part of the water taken up fills the 
tercellular gas spaces. Elongation of completely submerged Rum ex  plants does not vary with different depths of 
ibmergence. T h is  was concluded from the observation that there is little effect of either hydrostatic pressure or 
radiance on leaf elongation during complete submergence. However, when R. palustris plants were subjected to 
changing water depth,  i.e. alternate periods of complete submergence and waterlogging, they elongated less 
rongly than under  perm anent  complete submergence. W ater  movements  did not affect leaf elongation induced 
y submergence.
Key words:  Flooding, leaf elongation, Rumex  species, water depth, water movements.
N T R O D U C T I O N
'errestrial plants that occur in river forelands have 
o cope with unpredictable periods of flooding in the 
rowth season (Blom et al., 1994). Long-term 
urvival and reproduction often depend on the ability 
f plants to regain contact with the atmosphere
Laan & Blom, 1990; van der Sman et. al., 1991). In
ome plants this is accomplished by enhanced shoot 
longation (Ridge, 1987), observed in a wide variety 
>f species such as Ranunculus species (Musgrave &
Valters, 1973; Ridge, 1985; Horton, 1992), N ym ph-  
nides pettata (Ridge & Amarasinghe, 1984), Hydro- 
charis morsus-ranae (Cookson & Osborne, 1978) and 
Dry za  sativa (Métraux & Kende, 1983). T he  shoot 
elongation response is induced by large concen­
trations of the gaseous hormone ethylene within 
submerged plants (Musgrave & Walters, 1973; 
Métraux & Kende, 1983). This  accumulation is 
caused by physical entrapment of continuously
produced ethylene, as suggested by Musgrave and 
co-workers in 1972, and recently demonstrated by 
Voesenek et al. (1993).
T he  genus Rumex  provides an excellent model for 
the ecophysiological study of this adaptation. Rumex  
palustris Sm., R. crispus L. and R. conglomeratus 
M urr,  can survive long periods of complete sub­
mergence and can grow on wet sites in the river 
forelands, whereas R. thyrsiflorus Fingerh. and R. 
acetosa L. are sensitive to flooding and are found on 
rarely-flooded dikes. R. acetosella L. is never flooded 
under natural conditions (Blom et al., 1994). T he  
flooding-resistant Rumex  species show a strongly 
enhanced elongation of young petioles and inter­
nodes of flowering stems in response to complete 
submergence and soil waterlogging (Voesenek & 
Blom, 1989; Voesenek et al., 1990a; van der Sman et 
al., 1991). In R. acetosa leaf elongation is either 
inhibited or slightly stimulated in response to 
flooding (Voesenek & Blom, 1989; Voesenek et al.,
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1990a ,b \  1993). T he  first experiment described in
this paper is a screening of the shoot elongation 
responses of four Rumex  species to various flooding 
treatments. In R. palustris, submergence-induced 
petiole elongation is caused by cell expansion 
through uptake of water (Voesenek et al., 19906). In 
this context we compared flood-induced water 
uptake in species that differ in shoot elongation.
In physiological studies dealing with the elonga­
tion response, plants were always submerged in 
water of a restricted depth under stagnant conditions. 
However, water level measurements gathered over a
17 yr period (1971-1987) show that the natural
environment of wetland Rumex  species is very 
dynamic. Their  habitat was flooded 0-7 times per 
growth season, the duration of these floods varied 
between 0 and 99 d and the water depth ranged from 
0-459 cm (van der Sman, 1993). From field obser­
vations it is known that Rumex  plants growing on the 
river bank are additionally exposed to short-term 
fluctuations of the water level. Wave action from 
passing ships leads to changes of the water level from 
soil waterlogging to complete submergence of plants 
or vice versa within a few minutes.
In this paper the following questions will be 
addressed: (a) T o  what extent do Rumex  species, 
varying in flooding resistance, enhance their leaf 
elongation upon partial and complete submergence? 
(b) Are there differences in water uptake between 
submerged plants of an elongating and a non­
elongating Rumex  species ? (c) Can completely sub ­
merged Rumex  plants adjust their leaf elongation 
response according to water depth by responding to 
hydrostatic pressure or irradiance? {d) Is shoot 
elongation of submerged Rumex  plants affected by a 
rapidly fluctuating water level causing periodic 
emergence of the shoot? (?) Is submergence-induced 
leaf elongation of Rumex  plants influenced by water 
movements ?
M A T E R I A L S  A N D  M E T H O D S
Plant material
Seeds of Rumex palustris, R. conglomérat us, R. 
cris pus, R. thyrsiflorus and R. acetosa were collected 
from river areas near Nijmegen, T he  Netherlands. 
Rumex acetosella seeds were gathered from plants 
growing near the Nijmegen Botanical Gardens. 
Seeds were germinated on moist filter paper in Petri 
dishes, under a 12 h l ig h t /12 h dark regime of
25 ° / l  0 °C for 7 d (PPFR  of 25 /¿mol m -2 s-1 over the 
waveband 400-700 nm), with the exception of R. 
acetosella seeds which were kept at 2 7 ° /1 0 ° C  for 
10 d. Seedlings were transferred to 200 ml plastic 
pots filled with a mixture of sand and potting compost 
(1:1 v/v). Plants were grown in a growth chamber
(16 h /8  h light/dark; 20 °C; 4 0 -7 0 %  R H ; P P F R  
180 /¿mol m~2 s“1) for 16-20 d. At this time, rosettes 
started to develop their fifth leaf, except R. thyrsi­
florus plants, which had four leaves. Thus,  leaf 5 (or 
leaf 4) is the youngest leaf. Unless otherwise stated, 
experiments were performed under the above- 
mentioned growth conditions and 8-10 replicates 
were used. In some experiments responses of R. 
palustris and R. acetosella plants to certain flooding 
treatments were compared. In this way the flooding 
responses of a well-adapted species were studied, 
and distinguished from general phenomena also dis­
played by flooding-sensitive plants. Where the word 
‘subm ergence’ is used without an adjective, com­
plete submergence is meant.
Effects o f  flooding on shoot elongation of four Rumex 
species
Plants of R. palustris, R. acetosa, R. thyrsiflorus and 
R. acetosella were exposed to four flooding treat­
ments each lasting 7 d. Treatm ents  were: waterlog­
ging, partial submergence (i.e. half of the shoot 
height was under water at the start of this treatment), 
complete submergence and a free-draining control. 
At the start and end of the experiment the total 
length (petiole +  lamina) of all leaves was measured. 
Shoot height was defined as the length of the longest 
leaf.
Flood-induced zuater uptake in tzvo contrasting 
Rumex species
Tw enty  plants of either Rumex palustris or R. 
acetosella were used. At the start of the experiment 
five plants per species were harvested and the 
remaining 15 plants were randomly divided over 
three treatments, i.e. waterlogging, submergence 
and a free-draining control, and harvested after 6 d. 
Shoot fresh weight was recorded and the internal gas 
volume was determined using the modified pycno- 
meter method of Jensen et. al. (1969). All gas was 
removed from shoots by keeping them under 
distilled water while applying a vacuum of 10‘ Pa for 
several minutes. Finally, shoot dry weight was 
determined. Data on internal gas volumes provide 
information about the distribution of water that 
enters the shoot upon submergence between cells 
and intercellular spaces. T h e  amount of water in 
plants was calculated by subtracting dry weight from 
fresh weight.
Effects of hydrostatic pressure on submerged plants
Flooding-resistant R. palustris, R. conglomeratus and 
R. crispus plants were used. U nder  natural conditions 
R. palustris grows in the lowest areas of the river 
forelands, and is therefore confronted with deeper 
floods than are the other two species (Blom et al., 
1994). R. palustris and R. crispus can survive in 
extremely turbid water, whereas occurrence of R .
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a b le  1. Underwater light (/imol m~~ s~x P P F R ) at 
ever al locations from river areas near Nijmegen , The 
Netherlands
Water
Location dep th  (cm) P P F R
Erlecoms veer 
(running)
K ekerdom sew aard  
(turbid)
G roen landen  
(clear)
K ekerdom sew aard  
(clear)
M easurem en ts  were conducted  on a clouded day (20 
une 1991). A bove-w ater  irradiance: 1162 /¿mol m -2 s-1 
PPFR.
onglomeratus is restricted to clear seepage water 
unpublished data). For each species 20 plants 
eceived one of the following treatments:  sub- 
nergence in 30 cm deep water, submergence in
00 cm deep w'ater, or drainage. Half  of the plants 
vere harvested after 1 wk, the rest wrere treated for 
wk. Algae were removed by filtering. N one of the 
plants reached the water surface during  the ex­
periment. Before and after the experiment leaf 
■ngths were measured. T h e  experiment was per- 
ormed in a growth cham ber (16 h /8  h l igh t /dark ;
8 °C ; P P F R  under  water c. 80 /¿mol m -2 s-1).
'ffects of light intensity on submerged plants
'nderw ater  light intensities in flooded field sites at 
everal locations around Nijmegen were measured 
ising a Licor® Q S M -2500  quan tum  spectrometer 
Table  1). An indoor experiment tested the effects of 
similar range of four underw ater  light treatments 
P P F R  1-150 /¿mol m “2 s ' 1) on flooding-resistant R.
»alustris plants. Increases of leaf lengths and total 
hoot height, and changes in fresh and dry shoot 
veights w'ere determ ined over a period of 5 d. W ater 
emperatures were in the range 24—29 °C, bu t  did not 
differ between treatments.
Effects of a fluctuating ivater level
Plants of R. palustris and R. acetosella received one of 
the following trea tm ents :  perm anen t  complete su b ­
mergence or alternate submergence and water­
logging. T h e  second trea tm ent was realized by fixing 
pots with plants in a PV C plate that was moved up 
and dow'n in a 160 1 container filled with stagnant 
water. Every 9 m in  the position of the plants was 
changed from subm erged  to waterlogged or vice 
versa. T h e  water was filtered and the soil in all pots 
was covered over with a piece of cotton cloth in order 
to prevent a decrease of underwater  light intensity by
dislodged soil particles. Perm anently  submerged 
plants w'ere exposed to underwater  light of
100 /¿mol m -2 s-1 (PPFR).  In the apparatus, P P F R  
varied between 87 /¿mol m -2 s_1 (underwater) and 
115 /¿mol m -2 s-1 (above-water). T h e  experiment ran 
for 4 d and increases of leaf lengths, leaf blade areas, 
shoot dry and fresh weights during  this period were 
determined. Leaf blade areas were measured with a 
Licor portable area metre  (model I-3000/I-3050A), 
and values w'ere expressed as half the total area.
Effects of ivater movements on submerged plants
W ater movements  w-ere simulated by the above- 
mentioned system. Plants stayed submerged and 
w'ere exposed to a wrater velocity of 6 cm s”1. One 
m ovem ent consisted of an upward or downward 
transfer of the plants over a distance of 30 cm. Plants 
of R. palustris and R. acetosella were subjected to 
180, 7-4 and 0 movements  per hour  for 5 d (16 h /8  h 
l igh t /dark ;  P P F R  110 /¿mol m~2 s-1). Soil w^ as gently 
wTashed off the roots before the start of the ex­
perim ent in order to maintain a constant P P F R .  T o  
avoid interference of stress ethylene produced by 
this procedure, a waiting period of about 5 h was 
kept before the plants w^ere submerged. Removal of 
the soil does not change the shoot elongation 
response provided that  plants stay subm erged (data 
not shown). Increases of leaf lengths, leaf blade areas 
and dry and fresh shoot weights were determined. 
Because there was only one experimental set-up, it 
was impossible to impose all t reatments  s im ul­
taneously and the experiment ran for three successive 
periods of 5 d. After the w'hole experiment w'as 
completed, only plants that had equal lengths of 
leaves 3, 4 and 5 at the start of each run were selected 
from the data bank and used for fur ther  calculations. 
T h is  was to eliminate batch variation betw-een plants 
subjected to different treatments.  T h e  final selection 
of plants contained 8-10 individuals per species and 
treatment.
Statistical analysis
All results w'ere tested by one-w^ay A N O V A , fol­
lowed by a T ukey  test. In the fluctuating water level 
experiment,  howrever, the effects of the two trea t­
ments  were compared using a t - test. All statistical 
analyses were made according to Sokal & Rohlff
(1981).
R E S U L T S
Rumex  species differed strongly in their shoot 
elongation response to one w^eek of flooding (Fig. 1). 
R. palustris plants elongated most upon (complete) 
submergence, bu t  also under  waterlogged conditions 
flood-induced elongation of leaves 4 and 5 and shoot
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F i g u r e  1. M ean elongation (mm) of leaves and shoot height of Rumex palustris {a)y Rumex acetosa (b), Rumex  
thyrsiflorus (c) and Rumex acetosella (d) du r ing  1 wk of drainage (Control),  waterlogging (Waterl.),  partial 
subm ergence  (Part, subm.) or complete  subm ergence  (Subm .).  Open bars represent leaf 3, black bars represent 
leaf 4, cross-hatched bars represent leaf 5 and grey bars represent shoot height (all +  S E ;  n =  8-10). Different 
letters indicate significant differences between trea tm ents  within species and organ param eters  (P  ^  0-05).
(a)
I I
•Mi 
Ü 
• • • • • •
(c)
mm■mm
V A V / . V .  
» • • • » * » «
(d)
Control Waterl. Part. subm. Subm. Control Waterl. Part. subm. Subm.
T a b le  2. Means ( + SE)  of shoot fresh and dry zueight (mg) and shoot internal gas volume (///) of Rum ex palustris 
and Rumex acetosella before and after 6 d of drainage, ztwaterlogging or complete submergence (n = 5)
Dav 0
Drained
Day 6 
D rained
Day 6
W aterlogged
Dav 6 
« /
Subm erged
R. palustris
F. wt 989 +  23 1 900+ 106 2 1 2 9 ± 150 1838±  184
D. wt 74 +  3 164 +  6 a 163 ± 1 5  a 78 ± 7  b
Int. vol. 237 ± 1 3 445 +  29 566 ±  82 5 4 3 ± 115
R. acetosella
F. wt 418 +  49 875 ± 4 8  a 899 ± 4 6  a 526 ± 6 3  b
D. wt 29 ±  4 7 0 ± 7  a 71 ± 7  a 27 ±  3 b
Int. vol. 90 ±  13 174 ±  9 a 163 ± 1 0  a 50 ± 6  b
Different letters indicate significant differences (P  ^  0-05) between trea tm ents  and within species and param eters  on
day 6.
Int. vol. =  In ternal gas space.
height were significant. T h e  youngest leaf showed a 
smaller length increase upon complete submergence 
than during partial submergence. Plants of R. acetosa
dry weight were similar in R. acetosella and R. 
palustris, although plants of the latter species were 
generally m uch larger (Table 2). However, the two
and R. thyrsiflorus only significantly increased their species did differ when other parameters  were
length upon partial and complete submergence. By com pared;  subm erged R. palustris plants showed
contrast, flooded R. acetosella plants did not elongate larger increases of shoot fresh w'eight and internal
more than drained plants. In all species, younger gas volume than did subm erged  R. acetosella plants,
leaves elongated more than older ones, and the oldest In the latter plants a decline in gas volume was
leaves ( =  leaves 1 and 2; data not shown) did not 
elongate much.
observed. In neither species were fresh or dry 
weights or internal gas volume affected by soil
T h e  effects of various flooding treatments  on shoot waterlogging.
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T a b le  3. Mean ( + S E ) increase of leaf lengths and shoot height (mm) of 
Rumex plants during one or tzuo zueeks of complete submergence at tzvo 
water depths (hydrostatic pressures) compared with drained controls 
(n =  10)
Leaf 3 Leaf 4 Leaf 5 Shoot height
R. palustris 
1 wk drained 1 3 +  1 b 34 +  2 b 60 +  3 c 25 +  2 c
1 wk 30 cm 21 +  1 a 57 +  2 a 85 ± 4  b 52 +  2 b
1 wk 100 cm 21 +  1 a 5 8 ± 4  a 1 0 2 ± 4  a 67 ± 3  a
2 wk drained 1 0 ± 2 b 32 +  4 b 64 +  4 b 64 +  4 b
2 wk 30 cm 2 2 + 1  a 64 +  4 a 135 +  5 a 94 +  5 a
3 wk 100 cm 2 4 + 1  a 60 +  2 a 146 +  2 a 105 +  2 a
R. conglomeratus 
1 wk drained 8 +  2 b 28 ±  4 c 48 +  5 b 16 +  4 b
1 wk 30 cm 27 ±  2 a 65 + 4  b 81 ± 8  a 60 +  4 a
1 wk 100 cm 33 +  2 a 8 2 ± 4  a 71 + 8  ab 71 +  4 a
2 wk drained 6 +  2 b 28 +  5 b 71 +  6 b 25 +  7 b
2 wk 30 cm 33 +  4 a 80 +  4 a 145 + 1 1  a 108 +  5 a
2 wk 100 cm 31 +  1 a 78 +  3 a 138 +  9 a 89 +  9 a
R. crispus
1 wk drained 8 ±  1 b 22 ± 3  b 53 + 4  b 11 ±  2 b
1 wk 30 cm 26 +  2 a 57 ±  4 a 81 ±  8 a 47 ± 4  a
1 wk 100 cm 29 ± 2  a 60 +  4 a 83 ±  7 a 54 +  3 a
2 wk drained 3 ±  2 b 17 +  3 b 45 ± 5  b 8 +  2 b
2 wk 30 cm 26 +  2 a 60 +  5 a 119 +  9 a 71 +  6 a
2 wk 100 cm 28 ±  2 a 64 +  7 a 98 + 1 0  a 57 +  6 a
Different letters indicate significant differences (P  ^  0-05) between trea tm ents  
and within species, elongation param eters  and duration.
T a b le  4. M ean ( ± S E ) shoot elongation responses (mm) and increases of 
shoot fresh and dry weight (mg) of Rumex palustris during 5 d of complete 
submergence under various light regimes (/imol m~~ s ' 1 P P F R ) (n = 10)
Shoot
Irradiance Leaf 3 Leaf 4 Leaf 5 height F. wt D. wt
1 11 +  1 32 ±  2 6 + 1  c 1 2 + 1  be 167 +  30 - 1  +  1 b
35 1 1 + 0 30 +  2 31 ± 3  ab 13 ±  1 b 267 +  45 7 +  2 a
75 11 ±  1 30 +  2 39 +  3 a 1 7 + 1  a 286 ±  55 5 ±  2 a
150 10 ± 1 32 +  2 28 +  3 b 16 ±  1 ab 228 ±  33 3 ± 1  ab
Different letters indicate significant differences (P  ^  0-05) between trea tm ents  
within parameters.
W hen three flooding-resistant Rumex  species were 
ubmerged, they all had significant shoot elongation 
esponses (Table  3). Leaves 3 and 4 mainly grew 
during the first week, bu t  leaf 5 and shoot height also 
increased substantially in the second week. H y d ro ­
static pressure had little effect on this response, 
although there was a tendency for deeper submerged 
plants to elongate more in the first week and less in 
the second week compared with plants subm erged in 
shallower water.
Extremely low light (1 /¿mol m -2 s~l P P F R )  had 
negative effects on development of leaf 5 and to a 
lesser extent on shoot height and biomass production 
of subm erged R. palustris plants (Table  4).
Elongation of R. palustris leaves was reduced by
exposure to a fluctuating water level compared with 
perm anent  submergence. In R. acetosella plants, 
length increase of the leaves was similar under  the 
two treatments  (Fig. 2 a, b). T h e  expansion of the 
leaf blade area was hardly affected. In both  species, 
the youngest leaf had a greater leaf blade area under  
the fluctuating water level regime (Fig. 2 c). A lthough 
there were no effects on fresh weight (data not 
shown), shoot biomass production  was stimulated in 
R. palustris plants under  the fluctuating water level 
regime (Fig. 2d) .
W ater  movements did not affect leaf elongation, 
leaf blade area and shoot dry and fresh weights of 
subm erged R. palustris and R. acetosella plants 
significantly (data not shown).
196 M . B a n g o , C. W . P. M . Blom and L . A .  C. J .  Voesenek
E
E
LU
80
60
!  40
CU
CDCo
20
0
( a )
**
Leaf 1
***
raw
XsvXi?
_X
***
v . v . v y ¿ v
v . v . w w
/ .V S '/ .V V
■ % v .v w \v  k. « •  • %  •  •  •  •
■.v.v.v.y
:w.\x-.\x.••v.*. ■•••v.
Ä s
S*:**#
K M
s*ra*>>
*w:• • % • •
«  • • • « ! •  »Y»
x v Ä y S x  
W w v >  
S;X:>>X\
»S
T
XWasP>MèssH
:Ssís:
X-X-X«X<¡ ¡ ¡ I
*sff 
«  
f taA É É A M
Leaf 2 Leaf 3 Leaf 4 Leaf 5
(b)
¡ Í S M tS S S t
Leaf 1
I f e
. n T "  .
Ä f e ' :
T
t â m .mm
:v X v .«
-.vXvXv
rX.»
I PB aa «NW*.“
V A V
> :< s í
S í #
i - I v ï / A V
■ r - x c ^ - . v .
«B
Leaf 2 Leaf 3 Leaf 4 Leaf 5
CN
E
E
L O
CD
“ O
_cp
JD
M—
CD
CD
CDO)
CD
CDk-Oc-  1
CD
CD
0
(c) ***
I V I  • I f I I I  ■ I V I I  I I V I I I I
R. palustris
***
i .
• • • • a •
f  • ■ • • • •
• • • •W ,v .v .\ \v .
v .v
x 'x -x .vx-:
vXvXv 
»••••»« * • • •
;X
R. acetosella
40
CD
E
CDc/>
CD
CDL-oc
30
20
Q 10
0
(d)
R. palustris
>••>■• • %«•• >jÉÉÉIkÉAÉAÉÉÉÉd
R. acetosella
F i g u r e  2. M ean  elongation (mm) of leaves of Rumex palustris (a) and Rumex acetosella (b), increase of the leaf 
blade area of the youngest leaf (m m 2; {c)) and mean shoot biomass production  (mg; (d)) of both species upon 
perm anen t  complete  subm ergence  (open bars) or alternate periods of com plete  subm ergence  and waterlogging 
(grey bars) (all+SE; n = 9). Both trea tm ents  lasted 4 d. Asterisks indicate significant differences between 
trea tm ents  within species and param eters  (*, 0*05 ^  P > 0-01 ; *# , 0-01 ^  P  > 0-001 ; ***, P  ^  0-001). For 
fu r ther  details see text.
D I S C U S S I O N
R. palustris, found in the lowest and thus most 
frequently flooded parts of the river flood plain, 
showed the strongest leaf elongation reaction of all 
species tested (Fig. 1). T h is  flooding-resistant spe­
cies displayed significant elongation under  all flood­
ing treatments.  T h e  relatively small elongation of the 
youngest leaf of R. palustris plants during  complete 
submergence can be explained by a slower de­
velopment of new leaves under  these conditions. 
A lthough R. acetosa and R. thyrsiflorus growr at 
higher, rarely flooded sites in the river area, their 
shoots also elongated upon (partial) submergence. R. 
acetosella was the only species that did not display 
this adaptation. Plants of this species are never 
flooded in their natural habitat. Therefore ,  the 
observed shoot elongation response of Rumex  species 
is positively correlated to the flooding intensity 
(frequency, duration and depth) in the natural 
habitat.
Remarkably, shoot biomass production  upon 
drainage, waterlogging and subm ergence showed the 
same pattern  in the two contrasting Rumex  species, 
despite the overall higher values in R. palustris 
(Table  2). Shoot dry weight did not change during  
6 d of submergence, bu t  in waterlogged and drained 
plants it doubled. In general, no differences were
found between waterlogged and drained plants. For 
R. acetosella this is an unexpected result, considering 
that plants of this species are never flooded in their 
natural habitat. Nevertheless, the two species varied 
in their reactions to submergence. T h e  w^ater uptake 
into the shoots of subm erged plants differed between 
species. D ur ing  6 d of subm ergence a mean net 
wTater uptake of 854 //I (93 % of the initial am ount ot 
water) was observed in R. palustris shoots. T h is  was 
accompanied by a mean net enlargement of the 
internal gas volume by 300 /¿I. However, in sub­
merged R. acetosella shoots a mean net water uptake 
of 113 ft\ (2 9 % ) and a mean net reduction of the 
internal gas spaces by 40 //I were found. F rom  these 
data it is clear that during  subm ergence R. acetosella 
shoots display a low^er w^ater uptake than do the 
elongating shoots of R. palustris plants. Moreover, 
we conclude that in R. acetosella at least part  of the 
water entering fills gas spaces and is not taken up into 
cells; this can be seen as a dark green colouring ot 
large parts of the shoot. In subm erged  R. palustris 
plants this dark green colour is only observed in 
small parts of old leaves. Since petiole elongation in 
this species is caused by cell expansion (Voesenek et 
al ., 19906), w'e conclude that the water entering the 
shoot of R. palustris during  subm ergence is mainly 
used for cell expansion leading to enhanced petiole 
elongation.
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Shoot elongation seems advantageous only if there 
is a reasonable chance of reaching the water surface.
herefore, under  changing conditions it might be 
beneficial to submerged plants to register water 
depth and to regulate shoot elongation accordingly. 
Since hydrostatic pressure increases and light in- 
nsity decreases with water depth  (Gessner, 1952; 
)ale, 1984), we investigated the influence of these 
vo factors on underwater  shoot elongation.
T h e  effects of hydrostatic pressure were studied 
y subm erging  plants of R. palustris, R. crispus and 
i. conglomeratus for 2 wk at two different water 
epths. A lthough in all three Rumex  species leaves 3, 
and 5 showed a significant shoot elongation 
esponse upon submergence, there was little effect of 
ydrostatic pressure. Plants tended to elongate more 
i deeper water during  the first week, bu t  this was 
sually non-significant (Table  3). Until  now, studies 
n the effects of hydrostatic pressure on plant growth
Messner, 1952; Ferling, 1957; Dale, 1981, 1984)
ave mostly been made using aquatic species, and 
ere aimed at explaining the depth  distribution 
f these species in the field by investigating their 
>lerance to very high hydrostatic pressures, with 
fleets found only at pressures similar to water 
epths of 5 m or more, which exceed the m axim um  
epths naturally occupied by the plants under  study. 
T h e  data from field m easurem ents  of underwater  
ight intensities indicate a strong reduction of light 
i\railability even in shallow water (Table 1). T h is  is 
wrought about by light attenuation th rough  water 
cself, bu t  the presence of soluble material, sus­
pended inorganic particles, phytoplankton  and other 
uspended material causes most of the reduction 
Holmes & Klein, 1987). Nevertheless, in subm erged
l. palustris plants, light intensity did not have much 
fleet on elongation of leaves 3 and 4 (Table 4). T h e  
ievelopment of the youngest leaf ( =  leaf 5) was 
etarded and shoot dry weight decreased under  the 
iarkest conditions (1 //mol m -2 s-1 PP F R ).  T h is  
night be expected, since this P P F R  is even lower 
han the light compensation point for well-adapted 
quatic angiosperms (7 //mol n T 2 s_1 P P F R  at 7 °C 
Sand-Jensen & M adsen, 1991). In  Ranunculus 
celeratus subm ergence-induced  petiole elongation 
vas also the same under  light (125 /¿mol m~2 s-1 
’PFR) or dark conditions (Samarakoon & H orton ,
1983).
From  the experiments  on hydrostatic pressure and 
ight intensity we may conclude that subm erged 
wetland Rumex  species do not adjust their leaf 
elongation response to the depth  of submergence. 
Although light quality and tem pera ture  can also 
change with water depth,  these aspects were not 
investigated here because they do not seem very 
reliable as indices of water depth.
In  subm erged  R. palustris plants shoot dry weight 
increased more if the shoot was regularly d esub ­
merged in a fluctuating water level (Fig. 2d).  T h is  is
in agreement with the biomass data of waterlogged 
and subm erged plants in Table  2. In R. palustris 
petiole elongation is caused by large concentrations 
of ethylene (Voesenek & Blom, 1989). W hen  the 
shoot emerges, most of the accumulated ethylene is 
released within 1 min (Voesenek et a l ., 1993). Since 
both phases of the fluctuating water level t rea tm ent 
(submergence and waterlogging) lasted about 9 min, 
all ethylene m ust  have been released into the air 
during waterlogging, and calculations (based on 
unpublished  data) indicate that there was not enough 
time for ethylene to accumulate to the concentration 
needed for maximal petiole elongation during su b ­
mergence. Indeed, under  a fluctuating water level R. 
palustris plants showed a reduced elongation re­
sponse compared with permanently  subm erged plants 
(Fig. 2 a). R. acetosella plants, which had no 
enhanced shoot elongation upon submergence (Fig.
1 d), did not show differences in leaf lengths or shoot 
dry weight between the two treatments  (Fig. 2 b, d). 
T his  species might not have an increased ethylene 
concentration under  water or m ight be insensitive to 
this hormone. T h e  second theory seems more likely, 
knowing that the differences in petiole elongation 
between R. acetosa and R. palustris can also be 
explained by differences in sensitivity towards 
ethylene and not by differences in ethylene ac­
cumulation during  submergence (Voesenek et al.., 
1993). U n d e r  the fluctuating water level regime both 
R. palustris and R. acetosella plants showed a faster 
development of new leaves than w'hen permanently  
submerged. T h is  is concluded from the greater 
increase of the area of the youngest leaf in both 
species (Fig. 2c) and from the slightly greater length 
of this leaf in R. acetosella plants in response to this 
treatment.
It was expected that  subm ergence-induced  leaf 
elongation would be inhibited in moving water, 
because turbulence reduces the thickness of the 
unstirred  boundary  layer around subm erged  shoots. 
It facilitates gas exchange between the plants and 
their env ironm ent (Black, M aberley & Spence, 
1981), and ethylene diffusion out of the plant will be 
enhanced (Ridge, 1987). However, no effect of water 
m ovem ents  on leaf elongation was observed here. An 
explanation m ight be that although ethylene concen­
trations in plants are reduced by moving water, they 
are still large enough for maximal elongation. It is 
also possible that  plants can compensate for this loss 
of ethylene by increasing the p roduction  rate of the 
hormone. F u r th e r  investigations will elucidate this 
mechanism.
T h is  paper demonstra tes  the large variation in 
flood-induced shoot elongation present among spe­
cies of the genus Rumex. Comparison of elongating 
and non-elongating Rumex  species provided in ­
formation about the m echanism  behind  this ad ­
aptation. In R. palustris water taken up during  
subm ergence is used for cell expansion leading to
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petio le  e longa tion , w h ereas  su b m e rg e d  R . acetosella  
p lan ts  take up less w a te r  and  at least p a r t  o f  it tills the  
in te rce llu la r  gas spaces. F u r th e rm o re ,  it was sh o w n  
th a t  w a te r  d ep th  in fluences leaf e lo n g a tio n  in w e tlan d  
R u m e x  p lan ts  on ly  if they  are p a r t ly  su b m e rg e d . 
In  re sp o n se  to co m p le te  su b m e rg e n c e  these  p lan ts  
alw ays show  s t im u la te d  e longa tion , in d e p e n d e n t  o f 
ex te rn a l physical fac to rs  su ch  as h y d ro s ta t ic  p re s s ­
ure, ligh t in te n s i ty  o r w a te r  m o v e m en ts .
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